Endoluminal smooth muscle cell seeding limits intimal hyperplasia  by Gomes, Dominique et al.
Similar intimal proliferation also occurs in response to
immunologic injury in chronic arterial rejection. Aortic
allograft in rats appears to be an interesting model for
studying chronic rejection-induced intimal hyperplasia.3,4
In this model, early intimal infiltration by inflammatory
cells is associated with an acute destruction of endothelial
cells by an immunoinflammatory mechanism.5 However,
these two fundamentally different kinds of arterial injury
lead to a common consequence, which is the destruction
of the endothelium and the exposure of subintimal layers.
Although mechanisms are different, the arterial wall
response consists of an activation of SMCs, their migration
into an intimal position, their proliferation, and the syn-
thesis of extracellular matrix. The resulting intimal prolif-
eration in these two different pathologic situations may
lead to arterial stenosis or occlusion by the narrowing of
the vascular lumen. In deendothelialization models, inti-
mal hyperplasia is limited to the deendothelialized seg-
ment, whereas in chronic arterial rejection, it constitutes a
diffuse healing response of the arterial wall to immuno-
logic injury characterized by a ubiquitous distribution
throughout the grafted artery.
Numerous different strategies have been described to
reduce the intimal hyperplastic response of the arterial wall
Intimal proliferation is a common feature in the
response of the arterial wall to different types of injury.1
Mechanical injury models result in a focal deendothe-
lialization associated with the direct exposure of subinti-
mal layers to blood components.2 Adhesion and
activation of platelets and inflammatory cells are respon-
sible for the release of factors, such as platelet-derived
growth factor and thrombin, that have mitogenic and
chemotactic effects on smooth muscle cells (SMCs) and
stimulate matrix biosynthesis. All of these factors play a
role in the activation and migration of SMCs from media
to intima, their proliferation, and extracellular matrix
accumulation. 
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Purpose: Intimal hyperplasia is one of the main responses of the vascular wall to injury. In the current study, we tested
the hypothesis that endoluminal seeding of host syngeneic vascular cells could limit intimal hyperplasia induced by
either mechanical deendothelialization or chronic allograft rejection in rat aorta.
Methods: An experimental model of in situ seeding of syngeneic endothelial cells, smooth muscle cells (SMCs), and
fibroblasts (FIBs) was used in mechanically deendothelialized and allografted aortas. In a preliminary study, the abil-
ity of the three cell types (n = 5 per group) to seed on the deendothelialized luminal surface of the aortic wall was eval-
uated after 2 days, with the use of fluorescent PKH as marker. In the first model, the abdominal aorta of Lewis rats
was deendothelialized (n = 6) or deendothelialized and seeded with either SMCs (n = 6) or FIBs (n = 6) before flow
was restored. In the allograft model, aortas were harvested from dark agouti rats and orthotopically grafted in Lewis
receivers, directly (n = 6) or after deendothelialization. Deendothelialization was performed alone (n = 6) or associated
with the seeding of similar host (Lewis) syngeneic SMCs (n = 6) or FIBs (n = 6). Results were evaluated at 2 months
with histologic and morphometric methods.
Results: SMCs and FIBs were able to adhere in situ to the deendothelialized aortic wall, whereas endothelial cells were
not. In mechanically deendothelialized aortas, the seeding of syngeneic SMCs led to a significant reduction in intimal
thickness compared with deendothelialized aortas or FIB-seeded aortas (26.9 ± 1.7 µm vs 55.5 ± 1.7 and 56.7 ± 1.7
µm, respectively), and a lower nuclear content (382.2 ± 35.7 µm2 vs 779.6 ± 65.9 and 529.6 ± 24.3 µm2, respectively)
of neointima. After SMC seeding, intimal hyperplasia was richer in elastin, whereas after FIB seeding it was richer in
collagen. In allografts, the seeding of syngeneic SMC led to a significant reduction in intimal thickness compared with
control aortas, deendothelialized aortas, or FIB-seeded aortas (31.6 ± 1.1 µm vs 88.55 ± 2.8, 74.6 ± 2.9, and 85.7 ±
2.6 µm, respectively), and a reduced nuclear content of the neointima (444.9 ± 23.4 µm2 vs 1529.1 ± 116, 972.3 ± 50,
and 645.2 ± 32.4 µm2, respectively). Differences observed in the extracellular matrix composition were equivalent to
those observed in the mechanically deendothelialized model.
Conclusions: Our results suggest that endoluminal seeding of syngeneic SMCs can be effective in reducing intimal hyper-
plasia both in a deendothelialization model and in arterial allografts. SMC and FIB endoluminal seeding led to a sig-
nificatively different accumulation of extracellular matrix in the intima. (J Vasc Surg 2001;34:707-15.) 
to injury, including pharmacologic, mechanical, or cellular
approaches. Endothelial cell seeding has been proposed by
many authors who stress that disruption of the endothelial
monolayer is a prerequisite for the development of intimal
hyperplasia and may be the initiating event in this process.6
This hypothesis proposes that intimal hyperplasia may be
reduced by rapid restoration of the endothelial layer, which
is achieved by endothelial cell seeding. Nevertheless, results
of such studies are discordant, possibly because of the lim-
ited adhesion abilities of endothelial cells.7 In addition,
their autologous biosource is limited both in animal mod-
els and in human beings. Therefore, the use of other vas-
cular cell types could be of interest, particularly SMCs and
fibroblasts (FIBs). SMCs have already been used for vascu-
lar seeding: Clowes et al have developed models of benefi-
cial effects of SMC seeding after balloon injury8-10 and in
experimental aneurysm induction.11,12 Adventitial FIBs
have never been tested in these conditions.
Our hypothesis was that endoluminal seeding of host
syngeneic cells could limit the arterial wall remodeling
induced by two different kinds of arterial injury, mechan-
ical deendothelialization and immunologic injury. For this
purpose, we have used in situ endovascular seeding of syn-
geneic endothelial cells, SMCs, and FIBs in these two
models. In view of the absence of efficient seeding of
endothelial cells, the effects of syngeneic seeding by SMCs
and FIBs on aortic remodeling have been evaluated in
terms of the qualitative and quantitative development of
intimal hyperplasia and remodeling of the media.
MATERIAL AND METHODS
Experimental design. Rats of two inbred strains,
weighing 250 to 350 g, were used in this study. Male Lewis
rats were used as a source of syngeneic aortic endothelial
cells, SMCs, and FIB cultures, as receivers of aortic grafts
in allograft groups, and for the mechanical deendothelial-
ization model. The rats were purchased when they were
aged 2 months, from Iffa Credo (L’Arbresle, France). Male
dark agouti (DA) rats, weighing 200 to 300 g, were 
used as aortic donors in the allograft model. These two
inbred rat strains were chosen because of their histoincom-
patibility. All animals were maintained according to the
European Community Standards on the care and use of
laboratory animals (Ministère de l’Agriculture, France;
authorization no. 00577).
The comparison between SMC and FIB proliferation
and matrix biosynthesis and their effect on intimal hyper-
plasia and wall remodeling was performed in two different
sets of experiments. In the mechanical deendothelialization
protocol, a first group of animals was subjected to deen-
dothelialization of their abdominal aorta without seeding
(DE) (n = 6). The other groups underwent deendothelial-
ization of the aorta, followed by the seeding of syngeneic
SMC (DE-SMC) (n = 6) or FIB (DE-FIB) (n = 6). In the
chronic allograft rejection protocol, DA aortic allografts
were seeded or not with Lewis syngeneic cells. Four groups
of six animals were compared: control aortic allografts
(ALLO), deendothelialized aortic allografts (ALLO-DE),
and deendothelialized allografts followed by seeding of
either syngeneic SMC (ALLO-SMC) or FIB (ALLO-FIB).
Isolation and culture of vascular cells. The three
aortic cell types were selectively isolated from rat aortas by
means of adventicectomy and enzymatic digestion, and
cultured as previously described.13 Cells were cultured in
a medium consisting of Dulbecco minimum essential
medium (Boehringer, Mannheim, Germany) supple-
mented with 10% fetal calf serum, Hepes 20 mmol/L, and
antibiotics and endothelial cell growth supplement for
endothelial cells. Cultures were maintained at 37°C, in an
atmosphere of 5% carbon dioxide. Alpha-actin SMC anti-
body was used for characterization of SMC, Rat Endothelial
Cell Antibody (Euromedex, Mundolsheim, France) for
characterization of endothelial cells, and the absence of such
staining for characterization of FIB.13
Aortic deendothelialization and cell seeding.
Animals were anesthetized with an intraperitoneal injec-
tion of pentobarbital (5 mg/100 g of body weight). In
mechanical deendothelialization protocols, the infrarenal
aorta of a Lewis rat was exposed under a surgical micro-
scope (Zeiss OPMI-1FC, Le Pecq, France), from the left
renal vein to the iliac bifurcation, and the collaterals were
sutured. The subrenal abdominal aorta was isolated
between two clamps, and a transverse arteriotomy was
performed just above the distal clamp. A 10-mm seg-
ment was mechanically deendothelialized with a closely
knit coil of polypropylene thread around a hypodermic
needle (27 gauge) of 2-mm final diameter by a to-and-
fro movement and flushed with Hank’s balanced salt
solution. The aortic wall was sutured, and a polyethylene
catheter was introduced into the deendothelialized seg-
ment by means of an aortotomy between the anastomo-
sis and the distal clamp. Seeding was performed by
injecting the cell suspension through this catheter.
Vascular cells were used at passage 4 when a confluent
monolayer culture was obtained. They were rinsed with
phosphate-buffered saline and treated with trypsin; 6 to
8.106 cells were resuspended in 300 µL of culture
medium supplemented with 5% of rat serum. After deen-
dothelialization was achieved, the aorta was flushed with
saline, and cells were infused through the polyethylene
catheter. Seeding of the entire endoluminal surface of the
aorta was obtained by rotating the animal on the table by
90 degrees four times. The infusion time was of 4 × 8
minutes for all the three cell types. The catheter was
removed, the aortotomy was closed, and blood flow was
restored immediately. The abdominal wound was closed
and the animal returned to its cage.
To perform allografts, we operated on two rats simul-
taneously. The infrarenal abdominal aorta was harvested
from the donor DA rat, mechanically deendothelialized
with the same technique, and orthotopically grafted in the
Lewis receiver. Before blood flow was restored, a polyeth-
ylene catheter was inserted into the graft through an aor-
totomy between the distal anastomosis and the distal
JOURNAL OF VASCULAR SURGERY
708 Gomes et al October 2001
clamp. The cell suspension, syngeneic to the receiver, was
prepared with the use of the technique described above
and injected into the aortic allograft, with the same proto-
col as for the deendothelialized group. In these experi-
ments no immunosuppressive adjunctive treatment or
anticoagulant treatment was used.
Evaluation of deendothelialization and seeding.
The deendothelialization was evaluated with an “en face”
technique, allowing only a qualitative evaluation. After the
animal was humanely killed, the thoracic aorta was
catheterized, and the abdominal aorta or aortic allograft
was fixed in situ by perfusion of 10% buffered formalin,
and stained with Groat’s hematoxylin, which selectively
stains cell nuclei. The aorta was then harvested, opened
longitudinally, and pinned out on a paraffin-coated Petri
dish. The aorta was dehydrated with graded ethanol solu-
tions, cleared, and mounted on a slide, luminal side up.
This technique, slightly modified from one previously
used in our laboratory,14 allows examination of the endo-
luminal surface of aortic wall, and one may distinguish
between endothelial cells and SMCs by the different
shapes and orientations of their nuclei.
Qualitative evaluations of cell seeding were performed at
48 hours in five animals for each type of cell. In these experi-
ments, vascular cells were stained before seeding, with DilC18
(1,1´ dioctadecyl-3,3,3´,3´-tetramethyllindocarbocyanine
perchlorate) (PKH 26; Sigma Immunochemicals, Saint
Quentin, Fallavier, France), for 5 minutes and then washed
with culture medium, before being seeded in the aorta.
DilC18 is an inert hydrophobic probe that exhibits rhodamine
fluorescence, and labels the plasma membrane of the cells.
Aortas seeded with DilC18 -labeled cells were retrieved in a
fresh state at 48 hours, filled with OCT compound (Tissue-
Tek; Miles, Elkhart, Ind), injected at low pressure, immedi-
ately frozen in liquid nitrogen, and cross-sectioned. The
sections were examined under a fluorescence microscope with
a rhodamine filter.
Morphology and morphometry of intimal hyper-
plasia. At 60 days, animals were deeply anesthetized, and
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the aorta was exposed. A catheter was placed in the tho-
racic aorta, and the abdominal aorta was fixed in vivo by
perfusion of 10% buffered formalin for 25 minutes, at a
constant flow rate of 5 mL/min. Then, subrenal aortas
were excised and immersed in formalin during a minimum
of 24 hours. They were embedded in paraffin for histo-
logic sectioning and light microscopic study. Longitudinal
sections 5 µm thick were mounted on slides and stained
with orcein, Sirius red, or Harris’ hematoxylin to demon-
strate elastic lamellae, collagen, and cell nuclei, respectively,
for morphometric measurements. Qualitative evaluation
was done on slides stained with orcein, hematoxylin, and
picroindigocarmin. Morphometric study was performed
with a computed image digital analysis system, which
determines the thickness of the different layers of the aor-
tic wall (I, intima; M, media) and the total and relative
areas occupied by the elastic fiber network, the collagen
fiber network, and cell nuclei.15-17 The relative intimal
thickness was evaluated as the ratio of intimal to intimal +
medial thickness (I/I + M) and expressed as a percentage.
One longitudinal section per vessel was analyzed. Meas-
urements were performed on 10 contiguous microscopic
fields in each section.
Statistical analysis. Morphologic quantitative results
are expressed as means ± SEM. Comparison between
groups was effected by nested factorial analysis of variance
(ANOVA) followed by the Scheffé F test, with the use of
StatView 4.5 (Abacus Concepts, Berkeley, Calif).
Correlation coefficients were obtained by the least square
method. Differences were considered statistically signifi-
cant when P was less than .05. 
RESULTS
Deendothelialization
The technique of deendothelialization used in this
study allowed a complete, reproducible, and regular
removal of the endothelial layer without any major trauma
of the medial layer, as could be evaluated with the en face
Fig 1. En face preparations of aorta showing luminal surface for evaluation of deendothelialization. A, Limit between
deendothelialized area (a) and intact area (b) (×10). B, Nuclei of endothelial cells (white arrow) and of SMCs (black arrow)
present different shapes and orientations (×40).
technique, which permitted the observation of cell nuclei
only (Fig 1).
Seeding with labeled cells
Histologic study of transverse and longitudinal aortic
sections, 2 days after seeding with DilC18-labeled cells, con-
firmed the ability of SMCs and FIBs to adhere to the endo-
luminal surface in these experimental conditions. In contrast,
we did not succeed in obtaining a regular and reproducible
seeding of syngeneic endothelial cells. Therefore, this cell
type was omitted from the following chronic experiments.
With both SMCs and FIBs, a thin and regularly labeled ring
of fluorescence was observed at the interface between the
lumen and the medial layer, constituted by two or three cell
layers, throughout the circumference of the aorta (Fig 2).
Some labeled cells were apparent in the adventitia, corre-
sponding to a leak of the cell suspension at the site of intro-
duction of the catheter, during the seeding. No labeled cells
were observed in the media at this time.
Effects of cell seeding on intimal hyperplasia at 2
months
Mechanical deendothelialization. After mechanical
deendothelialization and cell seeding, characteristics of the
intimal hyperplasia at 2 months were quantitatively and
qualitatively different among the three groups (DE, DE-
SMC, DE-FIB), depending on the cell types used for the
seeding (Table I).
Intimal thickness was significantly reduced in the DE-
SMC group in comparison with the DE and DE-FIB
groups (Table I). There was no difference in intimal thick-
ness between the DE and DE-FIB groups. Absolute
elastin content of the intimal hyperplasia was significantly
higher in the DE group than in the DE-SMC and DE-FIB
groups, whereas elastin density was significantly greater in
DE and DE-SMC groups than in the DE-FIB group (Figs
3 and 4). Collagen content and collagen density in the
neointima were significantly higher in the DE-FIB group
than in the DE and DE-SMC groups (Figs 3 and 4). Cell
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Fig 2. Transverse (A) and longitudinal (B) sections of deendothelialized aorta, seeded with SMCs labeled with fluores-
cent DilC18 at 2 days (×10).
Table I. Morphometric wall parameters in mechanically deendothelialized aortas ± seeding
DE DE-SMC DE-FIB ANOVA
Intima
Intimal thickness (µm) 55.5 ± 1.7 26.9 ± 1.7* 56.7 ± 1.7 F = 100, P < .0001
Elastin density (%) 17.6 ± 0.8 14.3 ± 0.8† 8.2 ± 0.5‡ F = 42, P < .0001
Elastin content (thickness × density) 9.6 ± 0.5 3.5 ± 0.2* 4.6 ± 0.3* F = 87, P < .0001
Collagen density (%) 15 ± 0.3 20.6 ± 0.5* 28.6 ± 0.7‡ F = 166, P < .0001
Collagen content (thickness × density) 8.4 ± 0.3 5.6 ± 0.4§ 16.3 ± 0.7‡ F = 122, P < .0001
Nuclear density (%) 12 ± 0.9 9.1 ± 0.3§ 5.2 ± 0.2‡ F = 39, P < .0001
Nuclear area (µm2 per field) 779.6 ± 65.9 382.2 ± 35.7* 529.6 ± 24.3§ F = 20, P < .0001
Media
Medial thickness (µm) 76.1 ± 1.8 89.9 ± 3.5§ 58.2 ± 1.4‡ F = 44, P < .0001
I/I + M × 100 42 ± 1 23 ± 1* 49 ± 1* F = 223, P < .0001
Elastin density (%) 34.2 ± 0.9 24.7 ± 0.7* 34.2 ± 0.8‡ F = 47, P < .0001
Morphometric parameters are expressed as means ± SEM.
*In comparison between DE and seeded aortas, P < .001.
†In comparison between DE and seeded aortas, P < .05.
‡In comparison between SMC- and FIB-seeded aortas, P < .001.
§In comparison between DE and seeded aortas, P < .01. 
ANOVA, Analysis of variance; DE, deendothelialization alone; DE-FIB, deendothelialization + FIB seeding; DE-SMC, deendothelialization + SMC seeding;
I, intimal thickness; M, medial thickness.
content of the intima, as evaluated by the nuclear area, was
significantly lower in the DE-SMC group than in the
other groups, and nuclear density was significantly greater
in the DE group than in the seeded groups (Figs 3 and 4).
In summary, in the mechanical deendothelialization
model, intimal hyperplasia observed after SMC seeding
was reduced in comparison with FIB seeding or deen-
dothelialization alone. There was also a lower extracellular
matrix accumulation in comparison with the other groups.
The low biosynthetic and proliferative activities inferred
by our observations resulted in a strongly reduced and
elastin-rich intimal thickness in SMC-seeded arteries. After
FIB seeding, the intima also contained fewer cells than the
deendothelialized group, but was richer in collagen,
resulting in a mean intimal thickness similar to that
observed after deendothelialization alone.
Allografts. As after mechanical deendothelialization,
cell seeding also quantitatively and qualitatively influenced
intimal hyperplasia in allografts (Table II). In comparison
with the deendothelialization model, intimal hyperplasia
observed in the allograft model was characterized by an
increased thickness (F = 111, P < .0001) and a signifi-
cantly higher cell content. Extracellular matrix was charac-
terized by a significantly reduced elastin density and
content (F = 20, P < .001) and increased collagen content
(F = 56, P < .0001).
Intimal thickness was significantly reduced in the
ALLO-SMC group, in comparison with the ALLO-DE,
ALLO-FIB, and ALLO groups. There was no difference
between the ALLO-FIB and ALLO groups. Elastin
density was significantly greater in the ALLO-SMC
group, whereas total elastin content was significantly
higher in the ALLO group (Figs 3 and 5). Collagen
content and collagen density in the intimal layer were
significantly higher in the ALLO-FIB group than in the
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other three groups (Figs 3 and 5). Intimal cell content,
as evaluated by the nuclear area, was dramatically
reduced in the ALLO-SMC group, in comparison with
the three other groups (Figs 3 and 5). Cell density was
significantly greater in the ALLO group than in the
other groups.
Thus, in the aortic allograft model, the neointima
observed after SMC seeding is less cellular than that which
forms spontaneously. Extracellular matrix is also reduced
by SMC seeding. As in the mechanically deendothelialized
aortas, these reduced cell and collagen densities resulted in
a significantly thinner intima in the SMC-seeded group.
Effects of cell seeding on the aortic media
Mechanical deendothelialization. Medial thickness
was significantly reduced in the DE and DE-FIB groups in
comparison with the DE-SMC group after mechanical
deendothelialization (Table I). This parameter was nega-
tively correlated with the development of intimal thickness
(P < .002) and intimal collagen content (P < .0001), but
not with either intimal elastin content or intimal cell con-
tent. These data suggest a repercussion of the intimal
composition on the outcome of medial remodeling.
Elastin density of the medial layer was significantly
higher in the DE and DE-FIB groups than in the DE-
SMC group, suggesting that a more compact medial layer
is associated with a high level of intimal hyperplasia. There
were no qualitative differences in cell content of the media
between the different groups after mechanical deendothe-
lialization.
Allografts. At 2 months, all the allografts showed
complete disappearance of nuclei from the medial layer,
reflecting the elimination of allogenic SMCs by the rejec-
tion process.18 There were only a few inflammatory cells
at this level in all allograft groups, with focal breaks in the
Fig 3. Histograms representing nuclear content, collagen content, and elastin content, in intima of deendothelialized and allografted
aortas. DE, Deendothelialized aorta; DE-SMC, deendothelialization followed by SMC seeding; DE-FIB, deendothelialization followed
by FIB seeding; ALLO, control allograft; ALLO-DE, deendothelialized allograft; ALLO-SMC, deendothelialized allografts followed by
SMC seeding; ALLO-FIB, deendothelialized allografts followed by FIB seeding. *P < .05; ***P < .001.
otherwise intact internal elastic lamina. Nevertheless,
medial thickness was greater in the ALLO and ALLO-DE
groups than in the ALLO-FIB and ALLO-SMC groups
(Table II).
Effects of cell seeding on adventitia
The adventitia in mechanically deendothelialized aor-
tas in all groups was free of inflammatory cells. It con-
tained few cells, regularly distributed, among a normal
collagen network.
The adventitia of all allografts contained an important
inflammatory cell infiltrate, with no apparent difference
among the different allograft groups. This inflammatory
infiltrate was homogeneous and continuous over the
whole length of the graft, between the two anastomoses.
Because it appeared that deendothelialization and seeding
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Fig 4. Histologic sections of paraffin-embedded deendothelialized aortas at 2 months, with selective staining: nuclei were stained with
Harris’ hematoxylin, elastin was stained with orcein, and collagen was stained with Sirius red (×40). DE, Deendothelialized aorta; DE-
SMC, deendothelialization followed by SMC seeding; DE-FIB, deendothelialization followed by FIB seeding.
Table II. Morphometric wall parameters in allografts ± seeding
ALLO ALLO-DE ALLO-SMC ALLO-FIB ANOVA
Intima
Intimal thickness (µm) 88.55 ± 2.8 74.6 ± 2.9* 31.6 ± 1.1† 85.7 ± 2.6‡ F = 113, P < .0001
Elastin density (%) 7.1 ± 0.6 5.4 ± 0.5 15.7 ± 0.8† 6.1 ± 0.4‡ F = 66, P < .0001
Elastin content (thickness × density) 5.7 ± 0.4 4 ± 0.4§ 4.8 ± 0.2 5.2 ± 0.4 F = 4, P = .007
Collagen density (%) 17.2 ± 0.2 15.6 ± 0.2 18.5 ± 0.4 27.3 ± 0.8‡ F = 118, P < .0001
Collagen content (thickness × density) 15.2 ± 0.5 11.7 ± 0.5§ 5.8 ± 0.2† 23.4 ± 1‡ F = 144, P < .0001
Nuclear density (%) 13 ± 0.9 10.3 ± 0.5§ 9.2 ± 0.4† 6 ± 0.3|| F = 27, P < .0001
Nuclear area (µm2 per field) 1529.1 ± 116.1 972.3 ± 50.1† 444.9 ± 23.4† 645.2 ± 32.4† F = 51, P < .0001
Media
Medial thickness (µm) 65.7 ± 1.2 59.2 ± 1.1* 50.6 ± 1.4† 52.6 ± 1.1† F = 33, P < .0001
I/I + M × 100 57 ± 7 55 ± 9 38 ± 1† 61 ± 9‡ F = 134, P < .0001
Elastin density (%) 7.1 ± 1.1 5.4 ± 0.8 15.7 ± 0.8† 6.1 ± 1§ F = 66, P < .0001
Morphometric parameters are expressed as means ± SEM.
*In comparison with ALLO group, P < .01.
†In comparison with ALLO group, P < .001.
‡In comparison between SMC- and FIB-seeded allografts, P < .001.
§In comparison with ALLO group, P < .05.
||In comparison between SMC- and FIB-seeded allografts, P < .01.
ALLO, Control allograft without deendothelialization or seeding; ALLO-DE, deendothelialization alone; ALLO-FIB, deendothelialization + FIB seeding;
ALLO-SMC, deendothelialization + SMC seeding; ANOVA, analysis of variance; I, intimal thickness; M, medial thickness.
with SMC or FIB did not modify this phenomenon, no
quantitative study of cell density in the adventitia was per-
formed.
DISCUSSION
Intimal hyperplasia constitutes a common healing
response of the arterial wall to different kinds of injury,
and SMCs are the main endogenous cellular effectors
involved in this process. In the chronic rejection process
observed in aortic allograft transplantation models, intimal
hyperplasia is associated with the disappearance of medial
cells and an inflammatory infiltration of the adventi-
tia.16,19 These phenomena are independently regu-
lated.20,21 Intimal hyperplasia occurs subsequent to
immunoinflammatory endothelial injury, whereas medial
cell death is the result of a humorally mediated chronic
rejection process.5,18
Different approaches have been described to modify
the response of the arterial wall to injury or to treat the
luminal surface of damaged arteries. Cell seeding tech-
niques, using either endothelial cells or mesothelial cells,
have been used in different models in order to attempt to
reduce intimal hyperplasia.22-24 However, results with
such seeding techniques are discordant.7 In our experi-
ence, preliminary results with syngeneic endothelial cells
showed inconstant and insufficient adherence of seeded
cells, with the impossibility of obtaining a regularly cov-
ered endoluminal surface, whereas SMCs and FIBs pre-
sented excellent adhesion abilities. Therefore, these two
cell types appeared to be good candidates for endoluminal
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seeding: SMCs have been used in previously published
studies in endoluminal seeding procedures and as vectors
for gene transfer to the arterial wall.8,9,12 FIBs have never
been used in this context, and their behavior after endolu-
minal seeding is unknown. The aims of this study were to
comparatively analyze the behavior of endothelial cells,
SMCs, and FIBs after being endoluminally seeded in
deendothelialized aortas in terms of adhesion abilities and
cell and extracellular matrix accumulation and to provide
support of our hypothesis that exogenous endoluminal
seeding of syngeneic SMCs could have a beneficial effect
in the reduction of the intimal thickness, as compared with
the endogenous neointimal response to injury. We tested
this hypothesis in two different situations: the hyperplastic
response to mechanical aortic injury and chronic arterial
rejection. These two types of injury are characterized by a
response at the intimal level, with the progressive consti-
tution of a neointima, mainly consisting of endogenous
SMCs. An original technique of deendothelialization by
abrasion was used to avoid the stretch injury of the arter-
ial wall caused by ballooning. Comparing these two mod-
els, we found that thickness and nuclear content of the
neointima were always significantly greater in allografts
than in mechanically deendothelialized aortas. Inflam-
mation observed in allografts with overproduction of
cytokines and growth factors5,25 probably accounted for
these differences.
Both SMCs and FIBs, but not endothelial cells, were
able to adhere to the deendothelialized arterial wall after
seeding and to resist the hemodynamic shear stress in our
Fig 5. Histologic sections of paraffin-embedded allografts at 2 months, with selective staining: nuclei were stained with Harris’ hema-
toxylin, elastin was stained with orcein, and collagen was stained with Sirius red (×40). ALLO-DE, Deendothelialized allograft; ALLO-
SMC, deendothelialized allograft followed by SMC seeding; ALLO-FIB, deendothelialized allograft followed by FIB seeding.
experimental conditions. Two days after seeding, it was
possible to obtain a regular covering of the deendothelial-
ized endoluminal surface by a thin continuous layer of
syngeneic SMCs and FIBs, distributed over the entire
length of the deendothelialized segment. The evaluation
of seeding was only qualitative with fluorescence
microscopy, and the function of seeded cells was not
assessed. However, it would be interesting to investigate
in the future the functional interactions between circulat-
ing blood components, particularly platelets and plasma
components, and seeded cells on the vessel wall. 
In our study, it clearly appears that syngeneic endolu-
minal seeding of SMCs can prevent intimal hyperplasia
after a mechanical or immunologic injury. The significant
decrease in intimal thickness and the reduced cell content
of the neointima in both models after SMC seeding
strongly suggest that seeded SMCs have a lower prolifera-
tive activity than endogenous SMCs, which have migrated
from the media after an injury in spontaneous formation of
a neointima. In allografts, despite the persistent rejection
signs in the media and adventitia, endoluminal syngeneic
SMC seeding was effective in significantly reducing intimal
hyperplasia, resulting in a dramatic decrease in intimal
thickness. Differences also appeared in intimal cell content
depending on the seeded cell type; intimal nuclear number,
used as an indicator of cellularity, was significantly
increased in the FIB-seeded groups as compared with the
SMC-seeded groups. The cell content of the neointima
was different among the various allografted groups. It was
highest in the control group, containing endogenous
SMCs but probably also more inflammatory cells than in
deendothelialized or seeded groups. It would be of inter-
est to characterize the intimal cell population by selective
staining, to specify the level of inflammatory infiltrate.
Extracellular matrix in the SMC-seeded groups was
less abundant, mainly consisting of elastin. In comparison
with SMC seeding, intimal hyperplasia in FIB-seeded and
deendothelialized groups was characterized by an
increased extracellular matrix accumulation, evaluated by
the intimal content of collagen and elastin; the neointima
was mainly composed of collagen after FIB-seeding,
whereas it was composed of both elastin and collagen in
deendothelialized groups. These data fit well with pub-
lished results of in vitro comparative biosynthetic activities
of SMCs and FIBs. Patel et al26 demonstrated that
although protein synthesis examined with S-methionine
labeling was comparable between vascular SMCs and
adventitial FIBs, collagen synthesis measured with C-
proline incorporation was threefold lower in SMCs than in
FIBs. Similarly, Ruckman et al27 reported the level of pro-
duction of elastin by cultured adventitial FIBs in vitro to
be 10% of that of vascular SMCs. Finally, after seeding, the
intimal thickness appeared to be the result of both intimal
cell proliferation and extracellular matrix accumulation. In
view of the low cell content and the reduced extracellular
matrix accumulation, SMC seeding resulted in a signifi-
cant reduction in intimal thickness, as compared with FIB
seeding or spontaneous intimal healing after deendothe-
lialization. In contrast, FIB seeding was associated with
important collagen accumulation and an increased cell
density in the neointima, making FIB seeding ineffective
in reducing intimal thickness.
The mechanisms of such a beneficial effect of seeding
with SMCs on intimal hyperplasia remain speculative, and
specific studies to address these issues would be of great
interest. Probably, the seeding of syngeneic cells limits the
intimal infiltration of immunoinflammatory cells described
in chronic rejection,5 but this point remains to be demon-
strated in further studies. A recent report has shown that
separation of the arterial wall from blood after balloon-
induced deendothelialization, with a hydrogel barrier, can
markedly reduce intimal thickening, probably because
suppression of wall-blood interactions may inhibit the
release of growth factors.28 In our study, although this
may partially be the case, seeded cells probably represent
much more than a passive barrier between the blood and
the injured vessel wall. The similar results obtained in the
two different situations and the different characteristics of
the neointima after seeding with either SMCs or FIBs
strongly suggest that these two cell types behave differ-
ently when experimentally placed in the intimal position.
The medial changes observed in mechanically deen-
dothelialized aortas among the three groups essentially
concerned the medial thickness. Cell content was pre-
served with no differences in total nuclear number.
However, because of the decreased thickness, cell density
was increased. The media appeared to be more dense and
compact when a high degree of intimal hyperplasia was
present. Despite a comparable mean intimal thickness, the
medial thickness was significantly reduced after FIB seed-
ing compared with the deendothelialized group, suggest-
ing that intimal enrichment in collagen could also have
repercussions on medial trophicity. Intimal proliferation
and fibrosis are responsible for an increased thickness and
resistance to stress/strain relationship in the arterial wall in
application of the law of Laplace. As a consequence to a
decrease in tensile stress/strain, the response of the medial
SMCs could lead to hypotrophic remodeling of the media.
In allografts, because syngeneic cell seeding only
removes allogeneic endothelial cells in direct contact with
blood effectors and does not suppress the remaining arter-
ial wall antigenicity, SMC or FIB seeding was ineffective in
preventing the rejection process. Therefore, the chronic
rejection process continued as long as antigenic determi-
nants were present in grafted medial and adventitial layers.5
Our results demonstrate different aspects of SMC and
FIB biology when seeded in the endoluminal position and
suggest that endoluminal SMC seeding can be effective in
reducing the intimal hyperplasia after mechanical and allo-
geneic rejection-induced deendothelialization. However,
in the latter situation, SMC seeding is only effective on
consequences at the intimal level, providing no protective
effect on the media or the adventitia, which remain targets
of chronic allo-rejection. Finally, because of the difficulties
in obtaining and seeding autologous endothelial cells in
experimental models and in human beings, autologous
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SMC seeding could represent an interesting potential
alternative as effectors of cell therapy and vectors of gene
therapy in the cardiovascular system.
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